Purpose Recent studies have suggested height as a risk factor for glioma, but less is known regarding body mass index (BMI) or other anthropomorphic measures. We evaluated the association between body habitus and risk of glioma. Methods We evaluated the association of measures of height, BMI, waist circumference, and somatotypes with risk of glioma in two prospective cohorts, the Nurses' Health Study and the Health Professionals Follow-Up Study. Results We documented 508 incident cases of glioma (321 glioblastoma [GBM]). In both cohorts, we found no significant association between adult BMI or waist circumference and risk of glioma, with pooled HR for BMI of 1.08 (95% CI 0.85-1.38 comparing ≥ 30 to < 25 kg/m 2 ) and for waist circumference of 1.05 (95% CI 0.80-1.37 highest vs. lowest quintile). Higher young adult BMI (at age 18 in NHS and 21 in HPFS) was associated with modestly increased risk of glioma in the pooled cohorts (pooled HR 1.35, 95% CI 1.06-1.72 comparing ≥ 25 kg/m 2 vs. less; HR 1.34 for women and 1.37 for men). Analysis of body somatotypes suggested reduced risk of glioma among women with heavier body types at all ages this measure was assessed (HRs ranging from 0.52 to 0.65 comparing highest tertile to lowest tertile), but no significant association among men. Height was associated with increased risk of glioma among women (HR 1.09, 95% CI 1.04-1.14 per inch), but not significantly among men. Within the 8 years prior to diagnosis, cases had no material weight loss compared to non-cases. All results were similar when limited to GBM. Conclusion Adult BMI and waist circumference were not associated with glioma. Higher BMI at age 21 for men and at age 18 for women was modestly associated with risk in the pooled cohort. Based on body somatotypes, however, women with heavier body types during childhood and young adulthood may be at lower risk of glioma, although this association was not observed later in life with measurements of BMI. Greater height was associated with increased risk, and the trend was more pronounced in women.
Introduction
evidence for body mass index (BMI) and waist circumference has been inconsistent, despite their association with cancers of other sites [9, 10] . No prior studies have reported on associations of BMI or other measures of adiposity using repeated measures or examined associations with such measures from early life.
Additionally, the duration and physiological effects of subclinical disease are not well understood in the context of glioma [11] . Although the disease is often rapidly fatal, particularly glioblastoma multiforme (GBM), some evidence suggests that patients with low-grade glioma may have a preclinical period of many years, during which subtle weight loss may be detectable [11] . If so, it is possible that prediagnostic weight loss may have confounded analysis of BMI as a risk factor in prior case-control studies, perhaps resulting in an underestimation of the association between higher BMI and glioma.
In this study, we analyzed data in two large, independent, prospective cohort studies, the Nurses' Health Study (NHS) and the Health Professionals Follow-Up Study (HPFS), to evaluate possible associations of various measures of body habitus, including height, BMI, waist circumference, body somatotype, and birth weight with risk of glioma and GBM. Additionally, we analyzed prospectively collected BMI data to determine whether patients ultimately diagnosed with glioma experience pre-diagnostic weight loss compared to those who remained free from glioma.
Methods

Study participants
The methods of both the NHS and the HPFS have been described in detail elsewhere [12, 13] . NHS began in 1976 with 121,701 female nurses aged 30-55 years. HPFS began in 1986, with 51,529 male health professionals aged 40-75 years. In both cohorts, participants completed a baseline questionnaire and subsequent biennial follow-up questionnaires to provide updated information. Follow-up rates in these two cohorts have exceeded 90% [14] . After exclusion of participants without reported height and weight or with reported glioma at baseline, we followed 121,696 women from NHS and 51,400 men from HPFS. The Institutional Review Boards at the Brigham and Women's Hospital and Harvard T.H. Chan School of Public Health approved this study.
Assessment of anthropometric measures
Participants were asked to report height and weight on the baseline questionnaire for both cohorts. Subsequently, weight was ascertained on each biennial questionnaire.
A validation study demonstrated a strong correlation for measured and self-reported weight (0.97 for both men and women) [15] . In 1980, NHS participants retrospectively reported their weight at age 18; in 1986, HPFS participants retrospectively reported their weight at age 21 . These values were used to calculate young adult BMI, assuming that participants had achieved their adult height at ages 18 (NHS) and 21 (HPFS) . This measure of BMI at age 18 was previously validated among women in the Nurses' Health Study II cohort, a study with similar demographic characteristics as the NHS cohort, where the correlation between recalled and measured past weight was 0.87 and the correlation between reported current height and measured past height was 0.94 [16] . Waist circumference was assessed three times in each cohort : 1986, 1996 , and 2000 in NHS, and 1987, 1996 , and 2008 for HPFS. Measures of waist circumference were also previously validated, with correlations between self-reported waist circumference and technician-measured waist circumference of 0.95 for men and 0.89 for women [15] . The 1988 questionnaire in both cohorts included a question that asked participants to identify their approximate body type (somatotype) from a range of nine images of different body types developed by Stunkard et al. at age five, 10, 20, 30, 40, and current age in 1988 (Fig. 1) [17] . This measure of body shape in early life was previously validated among 181 participants in the Boston-based Third Harvard Growth Study aged 71-76 years, by comparing retrospective reports with measured contemporaneous assessments in early life. The Pearson correlation coefficients for women were 0.60 at age five, 0.65 at age 10, 0.66 at age 20, and 0.75 at current age, and for men, 0.36 at age five, 0.66 at age 10, 0.53 at age 20, and 0.60 at current age, respectively [18] . Selfreported birth weight was assessed in 1992 for NHS and in 1994 for HPFS. Participants were asked to categorize their birth weight into one of the five categories (< 5.5, 5.5-6.9, 7.0-8.4, 8.5-9.9, ≥ 10 lbs.).
Identification of cases
Primary brain malignancy cases were self-reported on biennial questionnaires and then confirmed by medical record review. Deaths were identified through the National Death Index, next-of-kin, and postal authorities. For all deaths that may have been due to primary brain tumor, we sought medical records to confirm the diagnosis. Data on tumor subtype were extracted from medical records. Follow-up for mortality through these methods assured nearly complete ascertainment of deaths and their causes [19] . Only cases with confirmed diagnoses indicating primary malignant neuro-epithelial neoplasms of the brain (i.e., gliomas) were included in this analysis.
Statistical analyses
We began follow-up time at the date of return of the baseline questionnaire and continued to the date of glioma diagnosis, death from another cause, or the end of follow-up (30 June 2014 for NHS; 28 February 2015 for HPFS, due to questionnaire mailing cycles), whichever came first. For calculations involving variables that were identified only in later questionnaires, such as BMI at age 18 and 21, waist circumference, body somatotypes, and birth weight, follow-up was calculated from the return of the questionnaire that first asked about that variable. We used age-adjusted Cox proportional hazards models to calculate age-adjusted hazard ratios (HRs) and 95% confidence intervals (CIs) to evaluate risk of glioma by various measures of body habitus, using months as the time metameter and age and calendar year as stratification variables. Because few risk factors for glioma have been established, we did not perform multivariate-adjusted Cox models.
For all measures of BMI we used simple updating, using the most recent BMI measure available. For weights that were missing on follow-up questionnaires, we used the most recent reported weight for up to two cycles (4 years) prior to calculate BMI; otherwise, missing data were coded as missing. For periods when individuals were missing data for a particular exposure variable, they did not contribute person-time to the Cox models. BMI was analyzed both continuously and as a categorical variable according to the standard World Health Organization definition (< 25 kg/m 2 , 25-29.9 kg/m 2 , ≥ 30 kg/m 2 ). To address reverse causation, because BMI among cases may have changed due to preclinical tumor effects, we applied BMI from 2, 4, 6, and 8 years prior to the current period in separate lagged analyses, resulting in exclusion of the first 2, 4, 6, and 8 years of follow-up for these calculations. We also analyzed baseline BMI both continuously and categorically, as well as lifetime maximum BMI, for which we used continuous updating through follow-up with the highest previously reported BMI used for each cycle. BMI at age 18 and 21 was additionally analyzed both continuously and categorically; because so few participants (2.1% of cases, 1.8% of non-cases) had a BMI above 30, at those ages, we dichotomized the population as < 25 or ≥ 25 kg/m 2 for this measure. For analyses using waist circumference, we used simple updating, carrying forward previously reported values for waist circumference in the case of missing data. Waist circumference was analyzed both continuously and in quintiles, as was height. To evaluate the possibility of outliers skewing the results of the analyses, we also performed sensitivity analyses for all of the above analyses by excluding the top and bottom 2.5% for BMI, BMI with a 2, 4, 6, and 8 year lag, BMI at age 18 and 21, maximum lifetime BMI, baseline BMI, waist circumference, and height, separately for each exposure.
For the analysis of body somatotypes at age 5, 10, 20, 30, 40, and current in 1988, we analyzed the data in approximate Fig. 1 Body somatotypes. This figure shows the body somatotypes from which participants were asked to identify at ages 5, 10, 20, 30, 40 , and current in the 1988 questionnaire for both cohorts [17] tertiles for each category, separately for each cohort. Participants who did not respond to these questions were excluded from the analysis.
For the analysis of birth weight, we analyzed in the categories assessed in the HPFS questionnaire (< 5.5, 5.5-6.9, 7.0-8.4, 8.5-9.9, ≥ 10), with 5.5-6.9 lbs. as the reference category. The NHS questionnaire had one additional category that was collapsed to match the HPFS categorization.
To evaluate potential reverse causation related to the effect of brain tumor diagnosis on pre-diagnostic weight change, we regressed the weight (in pounds) of all participants against age, age-squared, height, and time period, to adjust for secular changes in weight, and saved the residuals for cases only. The residuals for cases were then plotted against time for the 8, 6, 4, 2, and 0 years prior to diagnosis to show the weight trend of cases in the years immediately prior to diagnosis.
All analyses were performed for gliomas overall and GBM specifically, due to the possibility that risk factors may differ by tumor type and the high number of GBM cases available compared to other non-GBM gliomas. Analyses of each cohort were combined by meta-analysis using the fixed effects model. All statistical analyses were performed using the SAS 9.1 statistical package (SAS Institute, Cary, NC), and all P values were derived from two-sided tests.
Results
Case incidence
We documented 508 cases of glioma (NHS: 328, HPFS 180) during an average 34.2 (NHS) and 23.6 (HPFS) years of follow-up. Of these, 321 were GBM (NHS: 194, HPFS: 127). Baseline characteristics by case status and cohort are presented in Table 1 .
Body mass index and waist circumference
Age-adjusted Cox proportional hazards models showed no significant risk of glioma by categorical or continuous adult BMI in either the non-lagged or lagged analyses among women or men (Table 2) . Additionally, we observed no significantly different associations in risk by maximum adult BMI or BMI at baseline, modeled continuously or categorically. Waist circumference was not significantly associated with risk of glioma in either NHS or HPFS when modeled continuously or in quintiles.
When modeled continuously, higher BMI at age 21 was associated with increased risk of glioma among men (HR 1.26, 95% CI 1.01-1.57 for each 5 kg/m 2 increase), but not among women at age 18 (HR 1.07, 95% CI 0.87-1.31 for each 5 kg/m 2 increase). Young adult BMI ≥ 25 kg/m 2 was associated with increased risk of glioma when compared to BMI < 25 kg/m 2 (HR 1.34 in women at age 18, 1.37 in men at age 21, and 1.35, 95% CI 1.06-1.72 combined), but this association was not statistically significant in the cohorts individually.
Height
Among women, higher attained height was associated with increased risk of glioma (HR 1.09, 95% CI 1.04-1.14 for each 1 inch increase); this association was less pronounced and not significant in men (HR 1.03, 95% CI 0.98-1.09 for each 1 inch increase). When analyzed by quintiles, women in the fourth and fifth tallest quintiles of height had significantly increased risk of glioma (HR 1.58, 95% CI 1.11-2.24; HR 1.41, 95% CI 1.01-1.97, respectively, when compared to The results for all anthropometric measures were similar when modeling glioblastoma (Table 3) . The results of the sensitivity analyses after excluding the top and bottom 2.5% for each exposure did not result in any material changes to the results (data not shown).
Body somatotypes
Among women, having a higher self-reported body somatotype was associated with reduced risk of glioma when compared to a lower body somatotype at all ages that were assessed, with hazard ratios comparing highest to lowest tertile ranging from 0.52 to 0.79 (Table 4 ). Among men, no associations with body somatotype were statistically significant.
Birth weight
We observed significantly lower risk of glioma among those in the < 5. Table 1) . Men in the 8.5-9.9 lb. category had lower risk of GBM compared to the 5.5-6.9 lb. category (HR 0.24, 95% CI 0.08-0.77), but no other associations were statistically significant for either glioma or GBM.
Pre-diagnostic weight loss
Compared to participants who remained free of glioma, participants who developed glioma did not have significant weight differences during the 8 years prior to diagnosis, after controlling for height, age, age-squared, and time (Supplementary Fig. 1 ). For glioma cases, the absolute magnitude of the difference in weight over the 8 years preceding diagnosis was less than three pounds at all 2-year increments, with cases slightly heavier than non-cases. Results for GBM only were not materially different (Supplementary Fig. 2 ).
Discussion
Across two large, prospective cohort studies of more than 150,000 American adults, neither adult BMI nor waist circumference were associated with risk of glioma. Based on the analysis of body somatotypes, a heavier body type compared to a thin body type during childhood, adolescence, and young adulthood may be associated with lower risk among women, though these findings were not identified among men, where higher BMI measured at age 21 may be associated with greater risk. Taller height was associated with increased glioma risk, particularly among women.
Strengths of the current study include its prospective design, large sample size, and the detailed and accurate data collected, including medical record confirmation of primary brain malignancy diagnosis. Many studies of risk factors for glioma have used population-based registries, which lack specific data and long-term follow-up with repeated measures of body habitus. Limitations include relatively few participants with high BMI or high waist circumference relative to the general population. Additionally, the number of cases, while adequate for statistical comparison, remains relatively low due to the rarity of the disease.
BMI and waist circumference
Excess body weight during adulthood does not appear to contribute significantly to risk of glioma. Both BMI and waist circumference have previously been associated with risk of cancers of other sites, including the esophagus, stomach, colon, rectum, liver, gallbladder, uterus, ovary, kidney, meninges, and thyroid [9, 10, 20] . Proposed mechanisms for this association include higher levels of inflammation and circulating inflammatory markers among those who are obese compared to those of lower body weight, which may promote malignant transformation [9, 21, 22] . Previous reports have identified potential mechanisms for glioma pathogenesis also predicated on inflammation, including a history of measles and traumatic brain injury [23] [24] [25] . Although these associations have not been borne out in large epidemiological studies, they are suggestive of a relationship between ongoing inflammation and possible later development of malignancy, even in the central nervous system. However, higher BMI may not produce inflammation specific to the central nervous system, and thus may not provide evidence against the hypotheses relating inflammation to glioma risk [24] .
There has been less research on body habitus and glioma risk as compared to cancers of other sites, but findings from both cohort and case-control studies have shown risks similar to those we report. In a study of 340 cases of glioma from the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort, Michaud et al. also found no associations between adult BMI and glioma [6] . A meta-analysis of 12 studies and 3057 glioma cases identified no increased risk of glioma among overweight and obese individuals when compared to those with normal weight [4] . A separate meta-analysis of 22 studies and 3683 cases did report an association between overweight/ obesity and increased risk of glioma (pooled RR = 1.17) among women but not men [1] . This meta-analysis included 14 cohort studies and eight case-control studies, Table 3 Age-adjusted risk of glioblastoma multiforme in HPFS and NHS by body habitus, using Cox proportional hazard modeling but the majority of included cohort studies assessed BMI at baseline only, without ongoing follow-up through adulthood. A more recent study of 4382 gliomas among 1.8 million Norwegian men and women published after the two meta-analyses also demonstrated no association between overweight and obesity and any glioma subgroup [2] . Overall, BMI during adulthood appears to play a minimal role, if any, in contributing to the overall risk of glioma. Higher BMI during adolescence, however, may play a role in later development of glioma. In a case-control study of 1111 glioma cases, Little et al. found that being underweight at age 21 (BMI < 18.5 kg/m 2 ) was associated with a decreased risk of glioma among women (multivariate OR 0.68) [7] . In the prospective NIH-AARP Diet and Health Study, significant positive association was identified with obesity at age 18. Comparing those BMI 30-34.9 kg/m 2 to those BMI 18.5-24.9 kg/m 2 , the authors reported increased risk of GBM among those who were obese at age 18 (RR = 3.53, 95% CI 1.72-7.24) [3] . Together, these significant associations during childhood and adolescence suggest that early-life exposures may be more strongly related to glioma risk than exposures during adulthood [7, 26] . Similarly, in the current study, risk of glioma is higher among those who were obese during young adulthood (defined as age 18 for women and 21 for men), particularly among men.
On the other hand, Kitahara et al. reported results from a prospective study of Danish boys and girls aged 7-13, and found no association between BMI at these ages and risk of adult glioma [27] . This study did not include follow-up data on weight and height for later adolescence or adulthood and the results differ from those reported here, where higher BMI at age 21 among men was found to be associated with later glioma risk. This could possibly be explained by the variation in ages at which BMI was assessed (7-13 years old vs. 18 and 21 years old in our own study), particularly given the significant differences in growth trajectories for boys and girls around the time of puberty.
Body somatotypes
Our results for body somatotypes suggest that a heavier body type during childhood, adolescence, and young adulthood may be protective for glioma among women, but not among men. These findings are relatively consistent across all ages of somatotype, for both sexes. Few other studies have assessed body somatotypes, and to our knowledge, none have evaluated glioma risk. Based on our null results for waist circumference and adult BMI in the cohorts, however, it is possible that the early-life association may wane in later life. Because these cohorts have generally tracked participants through the fifth and later decades of life, we hypothesize that the null association demonstrated between adult BMI and waist circumference and glioma risk may not hold at younger ages. Future studies should focus on measures of body habitus during childhood and early adulthood in relation to glioma risk, as the results presented here are suggestive of associations that may change over the life course. The results presented here are plausible given that the overall risk of glioma for women is considerably lower than that for men, so the finding of inverse associations of larger body types among women but not among men may be consistent with population trends that have not yet been explained by other risk factors [8] .
Nevertheless, it is important to note that the somatotypes at age 20 and the young adult BMI measured at age 18 in NHS and at age 21 in HPFS do not align-whereas the young adult BMI measures suggest increased risk with higher BMI, the somatotype measures suggest reduced risk among heavier women. The categorization of young adult BMI as above or below 25 kg/m 2 was chosen based on the distribution of responses, in that few individuals reported high BMI at these ages. Therefore, many of the individuals in the > 25 kg/m 2 category may fit into the second tertile, rather than the third tertile, of somatotypes, so these results cannot be compared exactly. Additionally, in a subcohort analysis of only those individuals who responded to the somatotype questionnaire in 1988, the hazard ratios for HPFS Health Professionals Follow-Up Study, NHS Nurses' Health Study a Somatotypes categorized by tertiles for each cohort. Numbers in parentheses indicate which somatotypes fall into each tertile for NHS and HPFS young adult BMI among men were attenuated, while those for women were materially unchanged.
Birth weight
Most studies of birth weight and risk of central nervous system malignancies have focused on associations with childhood brain tumors rather than adult glioma. These studies have generally demonstrated increased risk of childhood brain tumors with increasing birth weight [28, 29] . The study by Kitahara et al. also found evidence of increased risk of adult glioma with higher birth weight (HR 1.13, 95% CI 1.04-1.24, per 0.5 kg) [27] . In the present study, we observed a higher risk in the 5.5-6.9 lb. category, with reduced risk of adult glioma at both higher and lower weights, particularly among women. Our study had only modest statistical power to observe differences in risk by birth weight, however, and the late ascertainment of this exposure resulted in inclusion of only 136 cases from NHS and 68 cases from HPFS. To help clarify the observed associations between birth weight and risk of glioma, this question should be further explored using large birth cohorts with adequate duration of follow-up.
Height
We found that increased height was associated with higher risk of glioma among women, but not significantly so among men. Prior studies on this association have consistently shown increased risk of glioma with increased height. [27] . These results are interesting in light of the aforementioned differences in growth trajectories between boys and girls at these ages. Height is a risk factor for cancers of other sites, including prostate [30] and breast [10] . Hypotheses for this relationship include the higher total body mass of individuals of higher height, resulting in a larger number of cells that could possibly undergo malignant transformation. Prior studies have suggested that brain weight increases with higher adult height, with one study reporting approximately a 3 g increase in brain weight for each 1 cm of body length [31] . Alternatively, others have hypothesized that factors promoting higher growth during adolescence, such as circulating growth factors, may increase risk of malignant transformation [10, 30] . This hypothesis would not explain the long latent period between adolescent growth and diagnosis of primary brain malignancies observed in this study, however.
Pre-clinical weight change
Some investigators have suggested that glioma may exert effects years before diagnosis [11] . Schwartzbaum et al. reported excess epilepsy among participants who later developed glioma as long as 8 years prior to diagnosis when compared to healthy controls who remained free of cancer [11] . However, we found no evidence for pre-diagnostic weight loss, either with lagged analyses of BMI, or with the analysis of weight residuals in the years preceding diagnosis. This suggests that reverse causation by pre-diagnostic weight loss does not represent a significant issue in studies of BMI and glioma risk, and that prior cross-sectional assessments of the association between higher BMI and glioma risk are not downwardly biased by subclinical weight loss.
In this study, results were not materially different for any analyses when restricting to GBM, but the number of non-GBM cases (n = 187) was limited. This finding is consistent with previous reports that have not demonstrated differences comparing GBM to lower grade glioma on measures such as height and BMI [2] . Nevertheless, some studies have identified possible differences by more granular glioma subtypes, including by isocitrate dehydrogenase (IDH) mutation status [2] . Future studies should identify these subtypes to evaluate if there are differences between subgroups of this highly heterogeneous diagnosis.
Conclusion
Adult BMI and waist circumference were not associated with glioma risk. Greater height was associated with higher risk in women but less so in men; inconsistent findings were observed for BMI during childhood and adolescence. Based on body somatotypes, women with heavier body types during childhood and young adulthood may be at lower risk, although this association was not observed later in life with measurements of BMI. We found no evidence of significant weight loss in the years preceding diagnosis of glioma or GBM.
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